The potential application of ultrasonic energy for ablation of atherosclerotic plaques was studied in human atherosclerotic arteries with continuous and pulsed delivery of energy. With a prototype ultrasonic wire probe (n=79 segments), there was gross reduction in vascular lesions as well as microscopic disruption of fibrous and calcified plaques. Normal portions of vessels appeared unaffected by the application of ultrasound. The prototype ultrasonic wire catheter ablated calcific deposits in less than 10 seconds. With this probe, all 26 complete atherosclerotic occlusions 0.5-5 cm in length were recanalized irrespective of the presence of calcium. Twenty-four of the segments were reopened in less than 20 seconds. By light microscopy, the site of plaque ablation was smooth, concave, and conformed to the shape of the probe tip. In 17 samples, there was evidence of thermal injury, and in six of the 79 samples studied with the prototype probe, there was vascular perforation. No vascular perforation occurred without thermal damage, when pulsed (rather than continuous) ultrasonic energy was used (n=40) or when the duration of application was less than 30 seconds, with power output less than 25 W and with the probe oriented parallel to the wall (n=26). Thus, by modifying the duration, mode, and magnitude of the ultrasonic power output, thermal injury and vascular perforation may be avoided. In vivo intra-arterial ultrasonic angioplasty of a canine chronic femoral fibrocellular occlusion was also performed. A preliminary in vivo study demonstrated feasibility of the percutaneous application of intra-arterial ultrasonic recanalization. Thus, ultrasonic energy appears to have potential as a method for ablation of occlusive atherosclerotic plaque. (Circulation 1988;78:1443-1448 B alloon angioplasty has three unresolved limitations: complete obstructions, multisegment multivessel disease, and late resteno SiS.1,2 To resolve these problems, a variety of new techniques are being investigated, including hot-tip thermal probes,3,4 several types of laser radiation methods,5-8 atherectomy catheters,9 and highspeed drills.'0 l l Each of these technologies also has limitations, principally relating to endothelial damage and perforation.
The potential application of ultrasonic energy for ablation of atherosclerotic plaques was studied in human atherosclerotic arteries with continuous and pulsed delivery of energy. With a prototype ultrasonic wire probe (n=79 segments), there was gross reduction in vascular lesions as well as microscopic disruption of fibrous and calcified plaques. Normal portions of vessels appeared unaffected by the application of ultrasound. The prototype ultrasonic wire catheter ablated calcific deposits in less than 10 seconds. With this probe, all 26 complete atherosclerotic occlusions 0.5-5 cm in length were recanalized irrespective of the presence of calcium. Twenty-four of the segments were reopened in less than 20 seconds. By light microscopy, the site of plaque ablation was smooth, concave, and conformed to the shape of the probe tip. In 17 samples, there was evidence of thermal injury, and in six of the 79 samples studied with the prototype probe, there was vascular perforation. No vascular perforation occurred without thermal damage, when pulsed (rather than continuous) ultrasonic energy was used (n=40) or when the duration of application was less than 30 seconds, with power output less than 25 W and with the probe oriented parallel to the wall (n=26). Thus, by modifying the duration, mode, and magnitude of the ultrasonic power output, thermal injury and vascular perforation may be avoided. In vivo intra-arterial ultrasonic angioplasty of a canine chronic femoral fibrocellular occlusion was also performed. A occluded, and the ultrasonic probe was applied directly to the occluded lumen. The duration of the application of the solid probe to the occluded vessel segments (n = 26) was from 2 to 60 seconds; for 24 segments, it was less than 20 seconds. For the 53 remaining segments, the ultrasound was applied perpendicular to the luminal surface of the atherosclerotic plaque after longitudinally opening each segment. The duration of application to these vessel segments was from 5 seconds to 20 minutes. The ultrasonic frequency was fixed at 20 kHz. The longitudinal and transverse amplitude of the ultrasonic probe is 50±25 ,um. The acoustic power output ranged from 20 to 50 W. G forces at the probe tip range from 0 to 82,000 G, are a function of the power output in watts, and increase as wattage is increased. Pulsed mode ultrasound, with a 50% duty cycle of 20 msec, was applied to 40 segments, and continuous wave ultrasound was applied to the other 39 segments. Normal saline was infused through a guide catheter at a rate of 5 ml/min to prevent heating of the probe during its use. The wire probe was advanced beyond the 7F guiding catheter by a trigger mechanism. In the semiflexible system, the range of applied forces was approximately 40±20 g force (1.38±0.69 kg/cm2) as determined by a dynamometer (PK Neuses Inc, Arlington Heights, Illinois). Precise identification of the site of application of ultrasonic energy in the opened arteries was accomplished by marking these sites with India ink.
Analysis of particle size, shape, and counts was made on the effluent from nine of the 26 recanalized total arterial occlusions. The effluents from the vessels during ultrasonic recanalization were collected in sterile plastic containers (Sage Products Inc, Cary, Illinois). Five milliliters from each sample was filtered through an 0.8-,um filter. The filters were then examined with a calibrated microscope.
Preliminary In Vivo Testing
The ultrasonic probe was also tested in one dog with a chronic fibrocellular femoral arterial stenosis.22 This lesion is generated by removing a 3-ml specimen of autologous subcutaneous fat from the femoral triangle. A pellet is created by wrapping the fat in a 0.25-cm thick by 2-cm long strip of gel foam. This pellet is embolized to the dog's femoral artery through a 7F angiography catheter. A baseline angiogram documented the proximal femoral arterial obstruction. Twelve months later, a repeat angiogram was obtained to confirm a chronic arterial obstruction ( Figure 3A ). In our study, the ultrasonic probe ensheathed in a 7F catheter was passed percutaneously through an introducer sheath to the femoral arterial obstruction. With angiographic guidance, the probe was passed through the arterial obstruction with pulsed wave ultrasound at 47 W acoustic power output emanating from the transducer horn.
Results Figure 2A shows a typical light microscopic image of a crater produced by placing the ultrasonic wire probe perpendicular to an atherosclerotic vessel segment. Grossly calcified arterial deposits were visibly reduced in less than 10 seconds. The applied force of the probe ball-tip without the use of ultrasonic energy was not sufficient to open or perforate the vessels studied. The magnitude of applied force did not affect crater size; rather, the ex vivo craters in the plaque conform to the shape of the ultrasonic wire ball-tip. The site of ablation of plaque was always concave, smooth, and conformed to the shape of the probe tip. Plaque ablation occurred in most vessels without other damage. In 10 of 53 cases, the intimal defect extended to the media without extension to the adventitia as shown in Figure 2B .
All 26 complete arterial occlusions, segments 0.5-5 cm in length were recanalized in less than 60 seconds, and 24 of 26 segments were recanalized in less than 20 seconds ( Figure 2C) . Eighteen of the 19 vessels defined as totally occluded and calcified were also reopened in less than 20 seconds. There were no apparent differences in the time required for recanalization between pulsed mode and continuous mode ultrasound. The rapidity of recanalization was in part mediated by the rate the probe was advanced while the ultrasonic unit was in operation. No thermal injury or perforation was present in these vessel segments. Figure 2D is illustrative of both thermal damage that occurred in 17 of the 53 longitudinally opened specimens and of the six cases that also had arterial perforation from intima to adventitia. Fourteen of the 17 examples of thermal injury were associated with the use of continuous wave energy as were all six cases of vessel perforation. segments (rather than to 100% vessel occlusions with the probe applied parallel to the lumen for recanalization), and use of ultrasound for at least 30 seconds (in five of the six cases for more than 60 seconds). Nine vessels had prolonged perpendicular application of the ultrasonic probe from 8 to 20 minutes (8-9 minutes, n4; 10-11 minutes, n-3; 20 minutes, n=2), without vessel perforation. Figure 3 demonstrates the effects of ultrasonic angioplasty on an in vivo canine chronic (12-month) arterial fibrocellular occlusion. The lumen was restored with the ultrasonic angioplasty probe. The significant increase in the arterial lumen dimension (arrows) is corroborated by the disappearance of the collateral vessels. Two residual filling defects in the arterial lumen are present. No balloon angioplasty was performed on this vessel. Figure 3C shows the histological findings in the recanalized vessel in which there is a patent lumen with a mild residual stenosis because of the chronic fibrocellular lesion. No damage to the adjacent normal artery was noted.
The results of ultrafiltration and analysis of the sample saline solutions in which nine different atherosclerotic vessels had been subjected to ultrasound are shown in Table 2 . Particle counts between 5 and 10 gm were in excess of 300/ml for all nine samples. Thus, for most samples, 90% of the particle sizes were less than 25 g±m. The particles appeared as clear, transparent granules, flakes, and fibers. The majority of particles over 100 g,m appeared to be fibers. Such fibers were most likely attributable to "container contamination,"? unrelated to particle generation from plaque ablation.
Discussion
Our study demonstrates for the first time that ultrasonic energy can be used to ablate atherosclerotic plaque. The prototype, specially designed, flexible wire ultrasonic probe demonstrated the capacity to rapidly ablate both fibrous and calcified plaques within seconds. All 26 total arterial occlusions were readily recanalized. Calcific arterial obstructions did not prevent the reopening of total vascular occlusions. This is consistent with previ- 
